Multifunctional polymeric nanoparticles are materials with great potential for a wide range of biomedical applications. For progression in this area of research, unfavorable interactions of these nanoparticles with proteins and cells must be avoided in biological environments, for example, through treatment of the nanoparticle surfaces. Construction of an artificial cell membrane structure based on polymers bearing the zwitterionic phosphorylcholine group can prevent biological reactions at the surface effectively. In addition, certain bioactive molecules can be immobilized on the surface of the polymer to generate enough affinity to capture target biomolecules. Furthermore, entrapment of inorganic nanoparticles inside polymeric matrices enhances the nanoparticle functionality significantly. This review summarizes the preparation and characterization of cytocompatible and multifunctional polymeric nanoparticles; it analyzes the efficiency of their fluorescence function, the nature of the artificial cell membrane structure, and their performance as in-cell devices; and finally, it evaluates both their chemical reactivity and effects in cells.
Introduction
Nanoparticles have remarkable potential and find broad applications industrially as well as academically due to their various functionalities. [1] [2] [3] [4] [5] [6] They are obtained from metals, metal oxides, metallic alloy, and polymers and they show unique physical and chemical characteristics compared with those of bulk materials. Nanoparticles can be dispersed in solvents to provide stable suspensions due to interactions between the nanoparticle surfaces and the surrounding solvent molecules. The large surface-to-volume ratio of nanoparticles induces high efficiency when applied as catalysts. Depending on the size of the nanoparticles, certain metal nanoparticles will display surface plasmon resonance and magnetic nanoparticles will display superparamagnetism. Moreover, assemblies of nanoparticles provide unique structures with various functions. [7] [8] [9] [10] [11] [12] [13] The nanometer scale of these structures makes them suitable for analysis of microscopic areas, such as targeted intracellular regions. Nanoparticles are actively used in pharmaceutical and biomedical applications as carriers for biomolecules to facilitate efficient delivery into cells and tissues.
However, the use of nanoparticles in biological systems is often limited by their specific structures. Nanoparticles possess high-energy surfaces and can therefore lead to aggregation of colloidal particles by
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30 Bio-inspired and biomedical materials; 600 Biomaterials, nano materials 2-methacryloyloxyethyl phosphorylcholine (MPC), which possesses both a methacrylate group and a monomer, and accordingly, various kinds of MPC polymers have been used to synthesize the zwitterionic phosphorylcholine group. [33] [34] [35] MPC is polymerized easily by radical polymerization, even in the presence of other monomers ( Figure 1 ). The MPC polymers are hydrophilic and are electrically neutral due to their unique zwitterionic structure. They have good stability under biological circumstances, namely, they are biologically inert at pH 7.4 and under high ionic strength. They have excellent biocompatibility, specifically resistance against protein adsorption, cell adhesion, and tissue immunoreactions. [36] [37] [38] [39] [40] [41] [42] Thus, based on these fundamental characteristics, selected MPC polymers are used as surface modification materials in medical devices, such as implantable artificial hearts and artificial hip joints. [43] [44] [45] [46] [47] [48] Considering the functional properties of MPC polymers and their usefulness in providing a bioinert platform on the nanoparticle surface, the present review focuses on elucidating precisely designed MPC polymers and adding insight into the recent promising results related to the fabrication of nanoparticles for in-cell imaging.
Surface modification of nanoparticles with MPC polymers
Substantial research data exists related to modification of nanoparticle surfaces by MPC polymers. Table 1 summarizes the various nanoparticle systems using MPC polymers. In such preparations, the components used as core materials include biologically active compounds, inorganic nanoparticles, and polymer nanoparticles. The nanoparticle diameters range from a few nanometers to a few hundred nanometers. The amphiphilic nature of MPC polymers induces formation of polymer aggregates in an aqueous medium, along with the generation of a hydrophobic region, thereby facilitating entrapment of hydrophobic bioactive compounds including anti-cancer compounds.
attractive van der Waals forces or electrostatic interactions. Random adsorption of proteins on nanoparticle surfaces reduces the functionality according to the size effect. In a cell culture medium, nanoparticles are adsorbed onto the cell membrane and are internalized by the cell through endocytosis. Under biological conditions, regardless of the nature of the application, nanoparticles occasionally induce unexpected cellular responses with disrupted functionalities because of nonspecific protein adsorption and the corresponding biological responses. To overcome these problems, nanoparticle surfaces are engineered to render them more biocompatible and bioinert. [14] [15] [16] [17] [18] [19] Several methodologies are available to obtain bioinert surfaces on nanoparticles, including surface modification with natural macromolecules [20] [21] [22] [23] or water-soluble synthetic polymers. Water-soluble synthetic polymers, such as poly(ethylene glycol) (PEG) and its derivatives, are used for grafting or coating the nanoparticle surface. [24, 25] These polymer chains expand into the aqueous medium, generating a highly mobile hydrated layer that surrounds the nanoparticles. The steric hindrance generated by the polymer chains disturbs aggregation of the nanoparticles and prevents undesirable biological reactions. Recently, however, some articles have reported accelerated blood clearance of PEG-modified nanocarriers, and immunoresponses such as production of immunoglobulin M by PEG. Thus, it is necessary to note this point when PEG is used as a surface modification reagent for nanoparticles. [26] [27] [28] Other methodologies have been investigated for surface modifications using phospholipid derivatives such as phosphatidylcholine derivatives. Although they are used as pharmaceutical carriers of bioactive reagents in the bloodstream, their stability is insufficient to enable long-term circulation in the bloodstream. Hence, a polymerization technique is a promising method to improve the stability of the phospholipid assembly. Phospholipid derivatives with polymerizable groups have been synthesized. [29] [30] [31] [32] One of the most effective of these is [81,82] MPC polymer aggregates are stable when injected into the bloodstream and concentrate in cancer tissue, triggering a dramatic anti-cancer effect. This delivery system is ideal for transporting poorly water-soluble anti-cancer compounds into living systems. [49] [50] [51] [52] Additionally, inorganic nanoparticles can largely be dispersed in an aqueous medium by surface modification with water-soluble MPC polymers. Contemporary progress in the field of polymer synthesis has established the surface-initiated living radical polymerization procedure, which could be applied to MPC associated surface modifications of nanoparticles. [83, 84] During the polymerization process, the living radical initiator is immobilized onto the surface of inorganic nanoparticles and living radical polymerization is carried out to generate a poly(MPC) grafted layer. [60, 63, 66, 70, 73] The poly(MPC)-grafted chains have nearly the same degree of polymerization and hence the same chain length. This indicates that the diameter distribution of the poly(MPC)-grafted nanoparticles depends on the original core nanoparticles, and therefore uniform functionalities are expected. In addition, modified nanoparticles could efficiently disperse in an aqueous medium. 
Surface modification of quantum dots with MPC polymers
Semiconductor nanoparticles such as quantum dots (QDs) have received strong interest as a promising material in biological imaging research, and can serve as alternatives to organic fluorescent dyes. [85] [86] [87] [88] [89] QDs are typically between 2 and 6 nm and have unique optical properties depending on the size, such as fluorescent multi-color emission spectra, high quantum yields, and excellent resistance to photobleaching by excitation light. These optical properties are suitable in most fluorescence applications, particularly for long-term monitoring of labeled substances, an area in which QDs have a singular advantage over conventional fluorescent organic dyes.
In vitro biological applications of QDs include cell labeling and tracking cell migration, and in vivo they are applied as contrast agents in tumor-tissue sections. [90] [91] [92] [93] The QD surface is generally covered by trioctylphosphine oxide (TOPO) and n-octylamine derivatives to form a stable hydrophobic layer. [94] QDs are difficult to disperse in aqueous medium themselves and sometimes they induce serious damage to the target cells and tissues. Thus, the surfaces of QDs must be modified polymer. The nanoparticles could disperse well in an aqueous medium and fluorescence resonance energy transfer (FRET) between the QD core and fluorescent dye was observed in the media at pH values of 7.4 and 5.0. This change in pH corresponded to an endocytosis process known as the proton sponge effect. The fluorescence spectrum was significantly altered between pH 7.4 and 5.0 because the distance between the QDs and fluorescent dye changed according to the pKa (7.1) of the pH-responsive poly(DEAEMA) segment. Thus, when the distance between the QDs and fluorescent dye was within several nanometers at pH 7.4, FRET was induced from the QDs (the donor) to the fluorescent dye (the acceptor). This produced an increase in the fluorescence intensity of the red fluorescent dye. Alternatively, when the distance increased at pH 5.0 due to protonation of the polymer DMAEMA units, independent fluorescence of the QDs and fluorescent dye were observed. To enhance the cellular uptake of the MPC polymer-covered QDs, one of the cell-penetrating peptides (CPPs), [95, 96] octaarginine (R8), was immobilized at the terminal of the poly(MPC) segment. After addition to the cell culture medium followed by 35 min of incubation, the nanoparticles were internalized into the cells by endocytosis, and fluorescence from both the QDs and fluorescent dye was observed due to the formation of FRET. However, after 70 min of incubation, the fluorescence from the fluorescent dye disappeared in response to the decrease in the pH value. Henceforth, after 105 min of incubation, the fluorescence from the fluorescent dye was recovered owing to escape of the nanoparticles from the endosomes. These nanoparticles find a promising application to monitor the live transportation process of molecules into cells, along with the possibility to track their pathway inside the cells continuously.
with hydrophilic or water-soluble compounds to achieve stable and highly sensitive bioimaging without cytotoxicity in cell culture medium.
Preparation of QDs modified with the MPC polymer was reported initially by Matsuno and coworkers [73] . They successfully grafted poly(MPC) chains onto QD (CdSe/ZnS) surfaces using reversible addition-fragmentation chain transfer (RAFT) polymerization ( Figure 2 ). In this process, an amphiphilic RAFT polymerization initiator forms a micelle-like structure in an aqueous solution and solubilizes the QDs that are covered with a TOPO layer. Subsequently, at the surfaces of QDs treated with the RAFT polymerization initiator, surface-initiated RAFT polymerization of MPC can occur under normal RAFT polymerization conditions. The poly(MPC) chains formed are then immobilized stably on the surface. The QDs modified with poly(MPC) chains show good cytocompatibility and are able to inhibit uptake by HeLa cells, although the QDs modified with poly(MPC) chains have very small diameters (~12 nm).
Liu et al. [74] reported the preparation of a fluorescent probe for evaluating pH conditions in cells, which showed a combination of pH response and changes in fluorescence spectra (Figure 3) . The nanoparticles had a core-shell type structure with a QD core and a block-type water-soluble polymer composed of a poly(N,N-diethylaminoethyl methacrylate (DEAEMA)) segment, a poly(ω-(p-nitrophenyloxycarbonyl oligo(ethylene glycol)) methacrylate (MEONP)) segment, and a poly(MPC) segment as the shell. The poly(DEAEMA) segment could induce a stretch-shrink transformation with a change in the pH of the medium due to protonation of the DEAEMA units. An organic fluorescent dye, Alexa 594 cadaverine, was immobilized in the poly(MEONP) segment in the block-type . Dichloroethylene droplets containing PLA and QDs were dispersed in the PMBN solution by sonication. During the preparation process, the sonication time was controlled to maintain the fluorescence intensity of the QDs. The PMBN/PLA/QD nanoparticles showed good dispersibility in aqueous medium, such as phosphate buffered saline and cell culture medium. The ultraviolet absorption and emission fluorescence spectra of QDs in the polymer nanoparticles were the same as those of commercially available QDs suspended in toluene ( Figure 5 ). It was confirmed that the entrapment of QDs provided good long-term stability with no change in either solubility or fluorescence performance, even beyond six months of storage at 4°C. The PMBN/PLA/ QD nanoparticles functioned well between pH 4.0 and 9.0. Photobleaching examination revealed that PMBN/ PLA/QD nanoparticles were more resistant to continuous excitation photoirradiation compared with an organic fluorescent dye, fluorescein isothiocyanate. The entrapment of QDs using PLA and PMBN had no influence on the optical properties of the QDs. The hydrodynamic diameters of the PMBN/PLA/QD nanoparticles were around 10-20 nm, as measured by dynamic light scattering (DLS), and the size distribution was found to be narrow. Atomic force microscopy (AFM) showed that the morphology of PMBN/PLA/QD nanoparticles was spherical. According to AFM observations, the size measurements were consistent with the hydrodynamic diameter determined by DLS measurements. Moreover, transmission electron microscopy (TEM) revealed several groups of QDs appearing as dark spherical objects, a result of the electron-dense QDs being entrapped within a single polymer nanoparticle ( Figure 6 ). X-ray
Entrapment of QDs in polymeric nanoparticles covered with MPC polymers
Previously, we prepared polymeric nanoparticles covered with MPC polymers in an aqueous solution using a simple solvent evaporation method, wherein amphiphilic MPC polymers were used as a suspension stabilizer. A hydrophobic polymer dissolved in an immiscible organic solvent was then added to the MPC polymer solution. Dichloromethane was used as the solvent due to its low boiling point and the hydrophobic polymers used were poly(L-lactic acid) (PLA) and polystyrene (PSt). The fabrication of polymer nanoparticles containing QDs was carried out using the solvent evaporation technique, which was simple and inexpensive ( Figure  4) . [76] [77] [78] [97] [98] [99] [100] Hydrophobic interactions among the materials play an important role in the mechanism by which the amphiphilic MPC polymers, PLA, and QDs form nanoparticles. The core of the nanoparticles composed of PLA and QDs, which are insoluble in water, was solubilized in dichloromethane. During the solvent evaporation process, evaporation of dichloromethane resulted in the precipitation of hydrophobic PLA chains with QDs at the interface of the aqueous medium. Additionally, at this interface, the MPC polymer chains formed entanglements with PLA chains, resulting in the formation of a stable MPC polymer layer on the surface of the PLA core.
Instead of MPC polymer, the use of poly(MPCco-n-butyl methacrylate (BMA)-co-NEONP) (PMBN) was analyzed. [97, 101] Dissolution of PMBN in aqueous medium indicated an amphiphilic nature and, due to the presence of hydrophobic BMA units, tended to form polymer aggregates at a PMBN concentration of As shown in Figure 7 , G8-immobilized PMBN/PLA/ QD nanoparticles (G8-PMBN/PLA/QD) were not internalized in the HeLa cells, even after incubation for 24 h. However, the R8-immobilized PMBN/ PLA/QD nanoparticles (R8-PMBN/PLA/QD) were internalized effectively into the cells. The difference between these two nanoparticles indicated that the PMBN/PLA/QD nanoparticles without signal oligopeptides could provide the highest signal to noise ratio among all existing imaging probes, as there was no background fluorescence due to nonspecific uptake of imaging probes by the cells. This is due to the excellent cytocompatibility of the MPC polymers covering the nanoparticles. [36] [37] [38] [39] [40] [41] [42] The internalization process of R8-PMBN/PLA/QD nanoparticles by the cells was examined. The R8-PMBN/ PLA/QD nanoparticles adhered to the cell membrane within the first 5 min. Then, internalization of the photoelectron spectroscopy (XPS) analysis indicated that the PMBN/PLA/QD nanoparticles had specific XPS signals at 133 eV and 403 eV, which corresponded to the phosphorus atom in the phosphate group and the nitrogen atom in the ammonium group of the MPC unit, respectively. Thus, from these findings, the surface of PMBN/PLA/QD nanoparticles was covered with phosphorylcholine groups in the MPC polymer.
Transport of MPC polymer nanoparticles with biomolecules into cells
Immobilization of biomolecules on the PNBN/ PLA/QD nanoparticles is important for successfully penetrating the cell membrane. R8, a well-known CPP, [95, 96] and octaglycine (G8) were independently immobilized onto the surfaces of nanoparticles and applied to cell culture medium of cultured HeLa cells. evaluated the role of various octapeptides immobilized on the PMBN/PLA/QD nanoparticles (Figure 8) . [102] The selected octapeptide had simple sequences of only one kind of amino acid, hydrophobic and neutral tyrosine (Y8), hydrophilic and neutral asparagine (N8), anionic glutamic acid (E8), weakly cationic histidine (H8), cationic lysine (K8), and mostly hydrophilic and cationic arginine (R8). Of the octapeptides tested, only K8-and R8-immobilized PMBN/PLA/QD nanoparticles could be internalized into HeLa cells. These findings were supported by the report of another research group arriving at the same result that R8 and K8 octapeptides could function as CPPs. These results suggest that molecules functioning as CPPs should possess hydrophilic and electron donating properties.
To understand the effect of the sequence of octapeptides composed of inert and active amino acid residues for the process of internalization into cells, the following series of octapeptides were prepared using glycine (G) and arginine (R) and analyzed: G8, GGGGGGRR (G6R2), GGGGRRRR (G4R4), GGRRRRRR (G2R6), and R8. Figure 9 represents images of cells examined by fluorescence microscopy. Addition of the respective octapeptide-coated nanoparticles to cell culture medium initiated cellular contact between the nanoparticles and the cultured cells. The results indicated that only the R8-immobilized nanoparticles could be internalized into cells. Next, the effect of the surface density of R8-mediated internalization of nanoparticles into cells was evaluated. To achieve this, the ratio nanoparticles into endosomes was initiated over the next 15-30 min. The amount of internalized R8-PMBN/ PLA/QD nanoparticles increased from 1-3 h. All R8-PMBN/PLA/QD nanoparticles adhered to the cell membrane were internalized by the endosomes within 5 h. These results provided the kinetic information of the R8-mediated internalization of nanoparticles into the cell.
Cytotoxicity analysis indicated that PMBN/PLA/ QD nanoparticles had no cytotoxicity three days post internalization into the HeLa cells. However, another possibility was induction of an inflammatory response. Further studies were required with respect to the inflammatory responses. This was analyzed by detecting the relative expression of TNF-α mRNA to GAPDH mRNA in RAW264.7 cells after incubation with R8-PMBN/PLA/QD nanoparticles or G8-PMBN/ PLA/QD nanoparticles for a day. No significant difference was observed. This suggested that the MPC polymers on the surface of the PMBN/PLA/QD nanoparticles suppressed the inflammatory response in RAW264.7 cells during the CPP-mediated internalization into cells. These findings clearly showed that any undesirable interactions between PMBN/PLA/QD nanoparticles and the cells, such as non-specific uptake, cytotoxic effects, or induced inflammatory responses, were eliminated.
Arginine-rich peptides are typically used as CPPs. The effects of other oligopeptides on permeation through the cell membrane are not well understood. We until a ratio of 0.4. However, up to the R8/G8 ratio of 0.4, the surface ζ-potential was constant around 0 mV. On the other hand, the amount of nanoparticles internalized into the cells increased around the R8/G8 ratio of 0.4 and a significant increase was observed up to the R8/G8 ratio of 0.6. These results were interesting, as they suggested that surface charge was not an essential of the concentration of R8 to G8 in the feed solution during immobilization was altered to control the surface density of R8. The results of the internalization of the nanoparticles are shown in Figure 10 . Although the surface ζ-potential of G8-PNBN/PLA/QD nanoparticles was slightly negative (-11 mV), it increased correspondingly with an increase in the R8 fraction 
Behavior of R8-immobilized MPC polymer nanoparticles in vivo
Observation of the dynamics of nanoparticles in cells is important for understanding the typical endocytosis pathways of internalization. The R8-PMBN/PLA/QD nanoparticles associated with HeLa cells significantly. [97, 102] No change in cell proliferation was observed compared with proliferation of the original cells for more than 30 h of cell culture. The distribution of nanoparticles was observed by fluorescence microscopy during cell proliferation as shown in Figure 11 . During the proliferation process, the R8-PMBN/PLA/QD nanoparticles in the cells were distributed to two daughter cells by cell proliferation, and the amount of R8-PMBN/PLA/QD nanoparticles in each cell decreased. Correspondingly, the fluorescence intensity of the R8-PMBN/PLA/QD nanoparticles in all the cells did not change for about 30 h. [102] This was the first report indicating long-term retention of nanoparticles inside cells.
Future perspectives
Useful applications of nanobioengineering would not be achievable without the suitable design of nanostructures for materials and devices. Continued progress in biomedical nanotechnology requires additional systematic approaches for the chemical and physical design of factor for internalization of nanoparticles into the cells. This opens up the scope for further research and consideration to analyze possible molecular interactions between the oligopeptide unit and the cell membrane surface. PMBN/PLA/QD nanoparticles not only inhibit nonspecific cellular uptake by mammalian cells, but also provide insight about specific interactions between biomolecules and cells when bioactive molecules like R8 are immobilized on them. From these results, it is concluded that R8-PMBN/PLA/QD nanoparticles are a promising probe for high sensitivity and non-inflictive cell and tissue imaging technology. nanostructures. Moreover, the interface between the nanostructure and biological environments becomes critical as researchers start to construct multifunctional nanostructures.
The design of the chemical structure of MPC polymers was strongly inspired by natural phospholipids at the cell membrane surface. This feedback from biological systems represents a rational strategy for obtaining new polymeric biomaterials. The development of MPC polymers did not have limitations in the induction of cell and tissue responses in biological systems. Thus, many kinds of MPC polymers have been designed and synthesized with flexibility for use in several applications. The PMBN described in this review is a useful polymer for constructing artificial cell membrane structures. By combining specific biomolecules on the PMBN surface, it can be used as a delivery system for biomolecules, as well as for the development of diagnostic and bioimaging probes. MPC units that are concentrated on the surface of nanodevices provide a high shielding effect against protein adsorption. The effect of MPC units does not interrupt the reactivity of immobilized biomolecules on the surfaces. The conjugation of biomolecules on the MPC polymer surface with a desirable arrangement is essential in achieving an excellent biointerface. The artificial cell membrane structure constructed by the MPC polymer and biomolecules can be applied for the preparation of in-cell nanodevices with the ability to completely control the interactions between nanodevices and cells. These facts underline the importance of biointerface technology in understanding the fundamentals of biomolecular behavior in cellular environments. 
